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Clinical success of autologous CD19-directed chimeric antigen
receptor T cells (CAR Ts) in acute lymphoblastic leukemia
and non-Hodgkin lymphoma suggests that CAR Ts may be a
promising therapy for hematological malignancies, including
multiple myeloma. However, autologous CAR T therapies
have limitations that may impact clinical use, including
lengthy vein-to-vein time and manufacturing constraints.
Allogeneic CAR T (AlloCAR T) therapies may overcome these
innate limitations of autologous CAR T therapies. Unlike
autologous cell therapies, AlloCAR T therapies employ healthy
donor T cells that are isolated in a manufacturing facility,
engineered to express CARs with specificity for a tumor-asso-
ciated antigen, and modified using gene-editing technology
to limit T cell receptor (TCR)-mediated immune responses.
Here, transcription activator-like effector nuclease (TALEN)
gene editing of B cell maturation antigen (BCMA) CAR Ts
was used to confer lymphodepletion resistance and reduced
graft-versus-host disease (GvHD) potential. The safety profile
of allogeneic BCMA CAR Ts was further enhanced by incorpo-
rating a CD20 mimotope-based intra-CAR off switch enabling
effective CAR T elimination in the presence of rituximab.
Allogeneic BCMA CAR Ts induced sustained antitumor
responses in mice supplemented with human cytokines, and,
most importantly, maintained their phenotype and potency af-
ter scale-up manufacturing. This novel off-the-shelf allogeneic
BCMA CAR T product is a promising candidate for clinical
evaluation.
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INTRODUCTION
Chimeric antigen receptor T cells (CAR Ts) have shown efficacy in
hematological cancers, and two autologous CD19-targeted CAR T
products have recently been approved by the Food and Drug Admin-
istration (FDA) for the treatment of B cell malignancies.1,2 Patient
age,3–5 the number of prior lines of treatment,6 and the disease it-
self7,8 may limit the number and quality of patient-derived T cells,
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potentially influencing the potency and variability of the CAR T
products. Furthermore, the logistics of clinical manufacturing using
patient-derived T cells limits the accessibility of these therapies.
An allogeneic CAR T approach has the potential to circumvent all
these challenges by using healthy donor-derived T cells to produce
CAR Ts that can be available as an off-the-shelf product.9–12 One
manufacturing run can create allogeneic CAR T (AlloCAR T) prod-
uct for use in multiple patients and be stored off-the-shelf for on-
demand treatment. CD19-targeted allogeneic CAR T therapies
have produced promising results in patients with acute lympho-
blastic leukemia (ALL),13,14 and they are currently in clinical trials
in Europe and the United States.

Multiple myeloma is a B cell malignancy that affects an elderly
population with a median age of approximately 70 years.15 Despite
the development of numerous treatments, including chemotherapy,
proteasome inhibitors, immunomodulators, depleting antibodies,
and autologous stem cell transplantation, the disease is incurable
and most patients eventually relapse.16 B cell maturation antigen
(BCMA) is a pro-survival tumor necrosis factor (TNF) receptor ex-
pressed in mature B cells and plasma cells,17,18 and it is expressed
on multiple myeloma cells at all stages of disease.19,20 Therapies
targeting BCMA have shown promise in clinical and preclinical
studies,19–23 and multiple groups are investigating the use of autolo-
gous CAR Ts for the treatment of BCMA-expressing hematological
malignancies.24–30
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Figure 1. BCMA CAR Ts Show High Proliferative Potential and Potent Antitumor Activity

(A) All BCMA CAR constructs demonstrated similar transduction efficiencies, as detected by soluble BCMA staining using flow cytometry at day 14 of expansion (n = 5

donors). (B and C) BCMACAR T candidates showed similar distribution of T cell subsets within the CD4+ (B) and CD8+ (C) cell populations. CAR Ts were analyzed using flow

cytometry 14 days after activation, and phenotypes were assigned according to CD62L and CD45RO expression within the CAR+ cell population as follows: stem cell

memory (CD45RO�/CD62L+), central memory (CD45RO+/CD62L+), effector memory (CD45RO+/CD62L�), effector cells (CD45RO�/CD62L�) (n = 4 donors). (D–F) BCMA

CAR T candidates showed similar cytotoxicity against BCMA-expressing target cells. CAR Ts were cultured with luciferase-expressing BCMA-negative REH cells (D), REH

cells overexpressing BCMA (E), or MM.1S cells (F). Target cell luminescence was assessed after 24 h (n = 5 donors). (G–I) BCMA CAR Ts maintained cytotoxicity after

repeated exposure to target cells. CAR Ts were tested similarly to (D)–(F), after 7 days and 3 rounds of co-culture with BCMA-expressing target cells (n = 5 donors). (J) BCMA

1 showed superior expansion potential in response to target cell exposure. CAR Ts were expanded on BCMA-expressing target cells 3 times within 7 days and quantified by

(legend continued on next page)
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In this report, fully human CARs with a high affinity to BCMA were
profiled for their ability to redirect T cell effector function against
multiple myeloma cell lines using in vitro and in vivo models. A
lead CAR was chosen for further modification to incorporate an
intra-CAR off switch inducible by rituximab that showed no impact
on CAR function and mediated effective CAR T elimination
in vitro and in vivo. Engineering of T cells derived from healthy do-
nors using transcription activator-like effector nucleases (TALENs)
resulted in BCMA CAR Ts with reduced potential for graft-versus-
host disease and resistant to a lymphodepleting anti-CD52 antibody
that preserved their potency after scale-up manufacturing. Consistent
with a role of homeostatic cytokines in maintaining T cell prolifera-
tion, adoptive transfer of BCMA CAR Ts into NOD.Cg-Prkdcscid

Il2rgtm1Wjl/SzJ (NSG) mice producing human interleukin (IL)-7 and
IL-15 at physiological levels dramatically improved their persistence
and long-term antitumor activity. Taken together, these findings sup-
port further development of allogeneic BCMA CAR Ts as a novel
treatment for multiple myeloma.

RESULTS
Generation of BCMA CAR T Candidates

Fully human, phage display-derived anti-BCMA antibodies had pre-
viously been tested for their ability to target BCMA as CD3-bispecific
constructs (unpublished data). These antibodies bound to over-
lapping epitopes on BCMA and covered a range of affinities
(0.038–5.57 nM; Table S1). Three single-chain variable fragments
(scFvs), denoted as BCMA 1, 2, and 3, were initially selected for the
design of second-generation CAR constructs. ScFvs were inserted
into a CAR backbone containing an extracellular hinge and trans-
membrane region derived from the CD8a receptor fused to
intracellular 4-1BB- (CD137-) co-stimulatory and CD3-z-activating
signaling domains. Blue fluorescent protein (BFP) or a RQR8 poly-
peptide, which features two rituximab-binding domains and one
Qbend10 recognition domain (anti-CD34 antibody),31 was co-ex-
pressed with the CAR from lentiviral vectors via a ribosomal skip pep-
tide to allow for detection using fluorescence or rituximab staining
(Figure S1A). A tool BCMA CAR designed using a scFv from a pub-
licly available sequence served as a positive control.

BCMA CAR T Candidates Exhibit Target-Dependent Cytokine

Release and Comparable Distribution of T Cell Subsets

CAR Ts were produced from healthy donor T cells, and all cell prod-
ucts showed robust expression of the CAR as measured by flow
cytometry (Figure 1A; Figure S2). High CAR expression and scFv-
induced aggregation of CAR molecules have been reported to result
in target-independent T cell activation (autoactivation or tonic
signaling), accelerated T cell differentiation, and reduced long-term
antitumor efficacy.32–34 Release of interferon gamma (IFNg) by
CAR Ts was used as a surrogate for T cell activation. T cells cultured
flow cytometry using soluble BCMA (n = 5 donors). (K) BCMA CAR T candidates perform

3� 106 TCRa-deficient CAR+ cells in a total of 1.8� 107 cells. Tumor growth was assess

Tukey’s one-way ANOVA and (K) was analyzed using Tukey’s repeated-measures on

significance: *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.
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in the absence of target exhibited some spontaneous release of IFNg
(Figures S3A and S3B). However, a significant release of IFNg was
observed only in response to BCMA-expressing MM.1S cells (Fig-
ure S3B). Flow cytometry analysis of CD45RO and CD62L expression
showed that all candidates had similar proportions of effector and
memory cells within the CAR T population (Figures 1B and 1C).

BCMA CAR T Candidates Retain Effector Function upon

Recursive Target Exposure and Demonstrate Potent Antitumor

Activity In Vivo

The ability of CAR T candidates to kill cell lines expressing high and
low levels of BCMA (Figure S4) was assessed in short-term (24 h)
and long-term (7 day) cytotoxicity assay formats (Figures 1D–1F
and Figures 1G–1I, respectively). In short-term assays, the candidate
CAR Ts did not demonstrate cytotoxicity against BCMA-negative
REH cells, but they exhibited robust dose-dependent cytotoxicity
against the same cells transduced to express BCMA, as well as the
multiple myeloma cell line MM.1S (Figures 1D–1F). All CAR T can-
didates performed comparably. Maintenance of CAR T-mediated
cytotoxicity and proliferative ability in response to prolonged expo-
sure to target cells has been reported to be associated with sustained
antitumor activity.35–37 In long-term assays, all CAR T candidates
maintained appreciable cytotoxicity (Figures 1G–1I). BCMA 1
showed the highest degree of proliferation in response to co-culture
with target cells for 7 days, while BCMA 2 showed the least (Fig-
ure 1J). It was noted that T cells from some donors exhibited strong
proliferation and cytotoxicity regardless of the specific CAR
construct expressed, whereas T cells from other donors failed to
expand and had lower cytotoxicity when expressing BCMA 2 or
BCMA 3 (Figure S5).

To attempt to further differentiate among BCMA CAR T candidates,
in vivo orthotopic tumor models were developed in which animals
received suboptimal doses of CAR Ts. Intravenous injection of lucif-
erase-expressing MM.1S and Molp-8 tumor cell lines established
highly aggressive disease in the bone marrow that was treated in a
dose-responsive manner by CAR T infusion (Figures S6A and
S6B). Unlike subcutaneous models, orthotopic implantation with
these cell lines resulted in relapse, due to the development of second-
ary tumors in varied tissues, and, therefore, it represents an
extremely stringent model (Figure S6C). Notably, these late recur-
rences were not always abrogated by increasing the initial T cell
dose (Figure S6A). Because high numbers of T cell receptor
(TCR)-expressing cells in some donors reduced tumor burden in a
CAR-independent fashion (Figures S6A and S6C) and could poten-
tially cause graft-versus-host (GvH) responses,38–40 TALEN-medi-
ated knockout of the TCR alpha constant (TRAC) locus was imple-
mented to prevent xenogeneic responses9 (Figures S6D and S6E). All
three candidates showed high antitumor activity and an equivalent
ed similarly in an orthotopic MM.1S tumor model. Tumor-bearing animals received

ed using whole-body luminescence imaging (n = 10 animals). (J) was analyzed using

e-way ANOVA. All results are shown as mean ± SEM. Asterisks show statistical
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reduction of tumor burden (Figure 1K). This finding was consistent
across a range of experiments employing two different donors (data
not shown). In summary, all candidates were deemed to display
appropriate characteristics, but given the higher consistency and
slightly enhanced activity in some in vitro assays, BCMA 1 was cho-
sen for further studies.

BCMA CAR Ts with an Intra-CAR Off Switch Maintain T Cell

Memory Subsets and Antitumor Activity

A number of suicide genes enabling detection and selective elimina-
tion of CAR Ts using commercially available antibodies have been
described.31,41 Because expression of the RQR8 polypeptide may
not be matched with that of the CAR,13 rituximab recognition do-
mains were incorporated directly into the CAR molecule, as recently
described.42 After different conformations were tested, a construct
with two rituximab-binding domains located between the scFv and
the hinge region of the CAR was chosen (BCMA 1-R2; Figure S1A).
BCMA 1 (with RQR8) and BCMA 1-R2 CAR T were comparable in
terms of transduction efficiency (Figure 2A) and retention of T cell
memory phenotypes (Figures 2B and 2C). BCMA 1 and BCMA
1-R2 CAR Ts showed similar cytotoxicity against target cell lines in
short-term assays (Figures 2D–2F). Furthermore, the CAR Ts per-
formed equivalently in the long-term cytotoxicity test (Figures 2G–
2I), and they showed similar target-dependent proliferation (Fig-
ure 2J). Tested side by side in an orthotopic model of multiple
myeloma, no significant difference between BCMA 1 and BCMA
1-R2 was observed, although the kinetics of response appeared
slightly different (Figure 2K).

Since BCMA can be shed from the surface of multiple myeloma cells,
we evaluated the effect of soluble BCMA on BCMA 1-R2 CAR Ts, and
we found no decrease in cytotoxicity with soluble BCMA (sBCMA)
concentrations up to 100 ng/mL and only minimal decrease at
400 ng/mL (Figure S7A). We also investigated the possibility that rit-
uximab binding to the BCMA 1-R2 CAR could induce clustering of
the CAR, leading to T cell activation and activation-induced cell death
(AICD). CAR Ts cultured for 24 h in the presence of rituximab
displayed no changes in the expression of the activation marker
4-1BB, the T cell subset composition, or the frequency of Annexin
V+ cells, even at high concentrations (100 mg/mL) of the antibody
(Figures S7B–S7D). Consistent with these observations, no increase
in IFNg was detected in cells cultured with rituximab for 24 h
(<500 pg/mL; n = 3). From these data, it was concluded that incorpo-
ration of the off switch into the CAR did not dramatically alter CAR T
phenotype or activity.

Intra-CAR Off Switch Mediates the Elimination of BCMA CAR Ts

In Vitro and In Vivo

The functionality of the intra-CAR off switch depends on the ability
of rituximab to faithfully recognize and bind to its mimotope. While
detection with an anti-BCMA 1 scFv reagent (anti-idiotype antibody)
showed a similar degree of staining between BCMA 1 and BCMA
1-R2, staining with rituximab was superior for BCMA 1-R2 (44.3%
versus 27.6%; Figure 3A). In a complement-dependent cytotoxicity
(CDC) assay, the improved detection of BCMA 1-R2 CAR Ts by
rituximab correlated with improved depletion of these cells (Fig-
ure 3B). Cells that survived the assay were found to have low
expression of the CAR (Figures 3C and 3D), indicating a direct cor-
relation between expression levels of the off switch and CAR T deple-
tion. Antitumor efficacy was completely abrogated by rituximab
administration in vivo, and analysis of peripheral blood showed
that rituximab treatment correlated with a loss of circulating CAR
Ts (Figures 3E and 3F).

Disruption of the TRAC and CD52 Genes Facilitates Allogeneic

Therapy without Affecting T Cell Function

Lymphodepletion has been demonstrated in preclinical and clinical
studies to enhance the efficacy of adoptive T cell therapy by tempo-
rarily eliminating suppressive immune cells, facilitating T cell expan-
sion through higher availability of homeostatic cytokines, and elimi-
nating anti-CAR T immune responses.43–47 In the case of allogeneic
cell therapies, lymphodepletion is even more critical since it may
delay rejection of the allogeneic product. CD52 is widely expressed
on immune cells, and the anti-CD52 antibody alemtuzumab
is a clinically validated lymphodepletion agent.48,49 Concurrent
TALEN-mediated knockout of the TRAC and CD52 genes has been
shown to reduce the potential of graft-versus-host disease (GvHD)9

and to render CD19-targeted CAR Ts resistant to alemtuzumab treat-
ment, potentially providing a mechanism to use alemtuzumab to
continue lymphodepleting the host and allowing CAR Ts to continue
to function.

Using the same TALEN-knockout strategy, BCMA 1-R2 CAR Ts
were generated with efficient knockout of TRAC and CD52 (Fig-
ure 4A). After magnetic depletion of TCRa+ cells, less than 3% of
CD3+ cells were present in the final eluted fraction, providing a
CAR T product of sufficient purity for research purposes, with the
majority of the cells lacking expression of both CD3 and CD52 (Fig-
ures 4A and 4B). As a result, the purified cells were largely resistant to
anti-CD52 antibody-induced CDC in vitro (Figure 4C). Gene-edited
CAR Ts did not show altered T cell phenotypes compared to their
wild-type counterparts (Figure 4D), and cytotoxic activity of BCMA
1-R2 CAR Ts in vitro was unaffected by gene knockout (Figure 4E).
To test potential in vivo consequences of CD52 knockout, the activity
of TCR/CD52-knockout CAR Ts was compared against TCR-
knockout CAR Ts at a suboptimal T cell dose. Similar to the
in vitro findings, dual gene editing did not lead to differences in anti-
tumor activity (Figure 4F).

BCMA CAR Ts Show Durable Antitumor Activity in Mice

Expressing Homeostatic Cytokines

As previously noted for other candidates, BCMA 1-R2 CAR Ts
showed a dose-dependent antitumor effect in vivo, but disease recur-
rence was seen with most donors (Figure 5A). The kinetics of CAR Ts
was examined in blood, and limited expansion and short-lived persis-
tence were observed (Figure 5B). Retreatment of relapsed animals
with CAR Ts demonstrated significant antitumor response (Fig-
ure 5C) and dramatic but short-lived expansion of CAR Ts
Molecular Therapy Vol. 27 No 6 June 2019 1129
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Figure 2. Incorporation of an Intra-CAR Off Switch Does Not Compromise the Efficacy of BCMA CAR Ts

(A) Addition of the off switch did not alter transduction efficiencies. BCMACAR Tswere stained using soluble BCMA at day 14 of expansion and analyzed using flow cytometry

(n = 5 donors). (B and C) Addition of the off switch did not alter CAR T differentiation. CD4+ (B) and CD8+ (C) CAR Ts were analyzed using flow cytometry 14 days after

activation. Phenotypes were assigned according to CD62L and CD45RO expression within the CAR+ population (n = 4 donors). (D–I) Addition of the off switch did not alter

CAR T cytotoxicity. CAR Ts were cultured with luciferase-expressing BCMA-negative REH cells (D and G), REH cells overexpressing BCMA (E and H), or MM.1S cells

(F and I). Target cell luminescence was assessed after 24 h. Cytotoxicity was determined immediately after recovery from cryopreservation (D–F) or after 3 rounds of

expansion with BCMA-expressing target cells (G–I) (n = 5 donors). (J) Addition of the off switch did not affect CAR T proliferation. CAR Ts were expanded on BCMA-ex-

pressing target cells 3 times within 7 days and quantified by flow cytometry using soluble BCMA (n = 5 donors). (K) Addition of the off switch did not affect antitumor activity of

BCMA CAR Ts in an orthotopic Molp-8 tumor model. Tumor-bearing animals received 3 � 106 TCRa-deficient CAR+ cells (total of 3.8 � 106 cells), and tumor growth was

assessed using whole-body luminescence imaging (n = 9–10 animals). (J) was analyzed using Tukey’s one-way ANOVA and (K) was analyzed using Tukey’s repeated-

measures one-way ANOVA. All results are shown as mean ± SEM. Asterisks show statistical significance against the indicated condition: *p < 0.05, **p < 0.01, ***p < 0.001,

and ****p < 0.0001.
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Figure 3. Intra-CAR Off Switch Allows Depletion of BCMA CAR Ts with Rituximab

(A) Intra-CAR CD20 mimotopes improve detection by rituximab. BCMA 1 CAR Ts (expressing RQR8) and BCMA 1-R2 CAR Ts were stained with anti-CAR antibody and

rituximab 14 days after expansion and analyzed using flow cytometry. Numbers in quadrants represent percentages of total cells. (B) Intra-CAR off switch improved rit-

uximab-mediated CDC. CAR Ts were incubated for 3 h with complement and rituximab, and cytotoxicity was assessed using flow cytometry (n = 3 donors). (C) Cells with

higher CAR expression show higher susceptibility to rituximab in CDC assays. BCMA 1-R2 CAR Ts were cultured with and without the addition of complement and rituximab

for 3 h and stained with soluble BCMA. Representative fluorescence-activated cell sorting (FACS) plots are shown. (D) Quantification of CAR mean fluorescence intensity,

n = 3 technical replicates, representative experiment of 3 donors. (E) Rituximab treatment abrogated antitumor activity of TCRa-deficient BCMA 1-R2CAR Ts in an orthotopic

MM.1S tumor model. Tumor-bearing animals received 5 � 106 CAR+ cells (total of 8.9 � 106 cells) followed by 5 consecutive daily injections of rituximab or control IgG

(10 mg/kg). Tumor growth was assessed using whole-body luminescence imaging (n = 10 animals). (F) Rituximab treatment eliminated circulating BCMA CAR Ts in tumor-

bearing mice. Peripheral blood of mice in (E) was collected 7 days after CAR T dosing and 2 days after the last rituximab injection, stained using soluble BCMA, and analyzed

using flow cytometry (n = 6–9 mice). (B) was analyzed using paired t tests, (D) was analyzed using Dunnett’s one-way ANOVA, (E) was analyzed using Tukey’s repeated-

measures one-way ANOVA, and (F) was analyzed using Tukey’s one-way ANOVA. All results are shown as mean ± SEM. Asterisks show statistical significance against the

indicated condition: *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.
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(Figure 5D). These results suggest that the failure in long-term effi-
cacy of the initial CAR T infusion was not due to segregation of tu-
mors at inaccessible locations or downregulation of BCMA expres-
sion by the tumor cells but likely the result of poor long-term
engraftment and/or activity of human CAR Ts in this model.

The homeostatic cytokines IL-7 and IL-15 are required for human
T cell survival and function,43,50–54 and systemic concentration has
been correlated to CAR T expansion in clinical trials.55 To assess
the role of these cytokines on CAR T expansion and survival, wild-
type luciferase-labeled BCMA CAR Ts were tested in animals
supplemented with recombinant human cytokines stabilized by anti-
bodies or receptor-fragment crystallizable (Fc) fusion proteins.56–59

IL-15 signaling was superior to IL-7 in increasing CAR T expansion
(Figure S8A), which resulted in complete antitumor responses
(Figure S8B).
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Figure 4. Gene Editing of BCMA CAR Ts Confers Resistance to Anti-CD52 Antibody Treatment without Affecting T Cell Function

(A and B) TALEN gene editing of the TRAC andCD52 genes followed bymagnetic depletion of residual TCRa+ cells results in a CAR T product highly enriched for TCRa� and

CD52� cells. At 14 days after expansion and either before or after purification with a TCRab selection kit, TALEN-treated BCMA 1-R2CAR Tswere stained for the presence of

CD3ε (as a surrogate for the TCRab complex) and for CD52, then analyzed using flow cytometry. (A) Relative composition of a representative donor CAR T product before

and after purification and (B) comparison of the proportions of T cells expressing CD3ε and/or CD52 before and after purification across 3 donors. (C) Gene-edited BCMA

CAR Ts are resistant to anti-CD52 antibodies. CAR Ts were incubated for 3 h with complement and anti-CD52 antibody, and cytotoxicity was assessed using flow cytometry

(n = 3 donors). (D) Gene editing did not affect the differentiation of BCMA CAR Ts. CAR Ts were stained for CD45RO and CD62L 14 days after expansion and analyzed using

flow cytometry (n = 3 donors). (E) Gene editing did not alter BCMA CAR T cytotoxicity in vitro. CAR Ts were cultured with luciferase-expressing REH cells overexpressing

BCMA at the indicated ratios for 24 h (n = 3 donors). (F) Gene editing did not alter the activity of BCMA CAR Ts in an orthotopic Molp-8 tumor model. Tumor-bearing animals

received 3 � 106 CAR+ cells (total of 5.1 � 106 cells), and tumor growth was assessed using whole-body luminescence imaging (n = 9–10 animals). (B) was analyzed using

Bonferroni two-way ANOVA, (C) was analyzed using t tests, and (F) was analyzed using Tukey’s repeated-measures one-way ANOVA. All results are shown as mean ± SEM.

Asterisks show statistical significance against the indicated condition: *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.
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To determine the influence of physiological cytokine concentrations
on CAR T proliferation and antitumor activity in vivo, recombinant
adeno-associated viruses designed to express human IL-7 and human
IL-15/IL-15Ra complexes were injected into NSG mice. Adeno-asso-
ciated virus (AAV)9-treated mice exhibited a steady and dose-depen-
dent expression of these cytokines (Figures S8C and S8D). In the pres-
ence of physiological concentrations of IL-7 and IL-15, allogeneic
BCMA1-R2CARTs exhibited durable antitumor activity (Figure 5E),
accompanied by higher expansion and long-lived persistence of
BCMA CAR Ts in peripheral blood (Figure 5F). To validate these
1132 Molecular Therapy Vol. 27 No 6 June 2019
findings, two additional BCMA CAR T candidates (BCMA 4-R2
and BCMA 5-R2) that had shown appropriate phenotype and high
efficacy across a panel of in vitro and in vivo models (Figure S9)
were tested. In the presence of cytokines, both candidates demon-
strated enhanced antitumor activity, with BCMA 5-R2 CAR Ts
showing deeper and longer-lived antitumor responses (Figure 5G).
Based on the robust activity shown in this model, BCMA 1-R2 and
BCMA 5-R2 were selected for further evaluation against a BCMA
CAR that has been shown to mediate complete responses in clinical
trials,25 and they were found to have equivalent short-term and
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Figure 5. Homeostatic Cytokines Support BCMA CAR T Function by Enhancing Persistence in NSG Mice

(A and B) Orthotopic MM.1S tumor models were characterized by relapse of tumors and loss of BCMA CAR Ts in peripheral blood. (A) Tumor-bearing animals received

the indicated doses of gene-edited CAR+ cells (total of 11.5 � 106 cells), and tumor growth was assessed using whole-body luminescence imaging (n = 8–10 animals).

(B) Peripheral blood BCMA CAR Ts were enumerated by flow cytometry (n = 2–5 animals/time point). (C and D) Successful treatment of relapsed tumors with a second dose

of BCMA CAR Ts was accompanied by a strong expansion of CAR Ts in the peripheral blood. (C) Tumor-bearing mice from the 3� 106-dose group in (A) received a second

dose of 3� 106 CAR+ cells produced from the same donor (total of 5.1� 106 cells), and tumor growth was assessed using whole-body luminescence imaging (n = 5 animals).

(D) Peripheral blood BCMA CAR Ts of animals in (C) were enumerated by flow cytometry (n = 5 animals). (E) Homeostatic cytokines support BCMA CAR T activity and

persistence in an orthotopic Molp-8 tumor model. NSG mice received AAV9 virus expressing human IL-7 (5 � 1010 genomic contents/animal) and human IL-15/IL-15Ra

fusion proteins (5� 1011 genomic contents/animal) 5 days prior to implantation of Molp-8 tumor cells. Tumor-bearing animals (mean cytokine concentrations of 16.7 ± 1.09

pg/mL IL-7 and 15.1 ± 0.86 pg/mL IL-15) received the indicated doses of BCMA CAR Ts produced with the clinical-scale protocol (total of 8.9� 106 cells), and tumor growth

was assessed using whole-body luminescence imaging (n = 8–10 animals). (F) Peripheral blood BCMA CAR Ts of the animals in (E) were enumerated by flow cytometry

(n = 8–10 animals). (G) Homeostatic cytokines enable in vivo discrimination of otherwise equally effective BCMACAR T candidates. NSGmice received AAV9 virus expressing

human IL-7 (5 � 1011 genomic contents/animal) and human IL-15/IL-15Ra fusion proteins (5 � 1012 genomic contents/animal) 5 days prior to implantation of Molp-8

tumor cells. Tumor-bearing animals (mean cytokine concentrations of 200 ± 14.2 pg/mL IL-7 and 165 ± 7.2 pg/mL IL-15) received the indicated doses of BCMACAR Ts (total

of 2.3 � 106 cells). T cells in this experiment were not gene edited (n = 5–8 animals). (A), (C), (E), and (G) were analyzed using Tukey’s repeated-measures one-way ANOVA.

All results are shown as mean ± SEM. Asterisks show statistical significance against the indicated condition: *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.
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Figure 6. Large-Scale Manufacturing of Clinical-

Grade Allogeneic BCMA CAR Ts with Potent

Antitumor Activity

(A) Schematic representation of the manufacturing pro-

cess. Allogeneic BCMA CAR Ts were generated using

PBMCs derived from healthy donors following a GMP-

grade process that results in a cryopreserved product

with high antitumor efficacy and reduced potential for

TCRab-mediated GvHD. (B) T cells transduced with the

BCMA CAR displayed robust expansion in bioreactors

and showed high viability over the entire process, except

for transient and minimal changes associated with the

transduction and gene-editing steps. (C) Bar graphs

represent the percentage of T cells among live cells ex-

pressing the BCMA CAR or lacking expression of CD52

or TCRab, before and after depletion of residual TCRa+

cells. The percentages of residual TCRgd+ T cells are also

shown for comparison. (D) At the time of cryopres-

ervation, the BCMA CAR T product contained a high

frequency of cells expressing early memory markers,

indicative of high proliferative potential. (E) BCMA CAR Ts

exhibited cytotoxic activity against MM.1S cells, but they

were not cytotoxic to BCMA-negative K562 cells. CAR Ts

were cultured with luciferase-expressing target cells and

luminescence was assessed after 24 h. (F) BCMACAR Ts

produced at large scale demonstrated potent antitumor

activity in an orthotopic mouse model of multiple

myeloma. Tumor-bearing animals received the indicated

dose of CAR+ cells (total of 10.9 � 106 cells), and tumor

growth was assessed using whole-body luminescence

imaging (n = 10 animals). Results were analyzed using

Tukey’s repeated-measures one-way ANOVA and are

shown as mean ± SEM. Asterisks show statistical sig-

nificance against the indicated condition: *p < 0.05 and

**p < 0.01.
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long-term killing activity (Figure S7E). Taken together, these results
suggest that BCMA 1-R2 and BCMA 5-R2 are promising candidates
for clinical evaluation.

Allogeneic BCMACARTsManufactured at Large Scale Preserve

Their Phenotype and Antitumor Activity

Since large-scale manufacturing is a critical step in the development
of off-the-shelf CAR T therapies, the phenotype and antitumor activ-
ity of BCMA CAR Ts produced in a proprietary good manufacturing
practice (GMP)-like clinical-scale format (Figure 6A; Supplemental
Materials and Methods) were evaluated. Activated T cells were effec-
tively transduced with a concentrated lentivirus and displayed robust
expansion in bioreactors (Figures 6B and 6C). Efficient inactivation of
the TRAC and CD52 genes using TALEN followed bymagnetic deple-
tion of residual TCRa+ cells resulted in a final CAR T product highly
enriched for TCRab� cells (Figure 6C), with over 50% of CAR Ts
displaying a stem cell memory or central memory phenotype (Fig-
ure 6D). Furthermore, allogeneic BCMA CAR Ts manufactured
at large scale exhibited dose-dependent cytotoxic activity in vitro
(Figure 6E), and they mediated potent antitumor responses in vivo
1134 Molecular Therapy Vol. 27 No 6 June 2019
(Figure 6F). We conclude that allogeneic BCMACAR Ts can be man-
ufactured at large scale under GMP-like conditions with preservation
of therapeutic potential.

DISCUSSION
In this report, a platform for allogeneic BCMA CAR Ts was devel-
oped. Candidate BCMA CARs were profiled in a variety of assays
that evaluated manufacturability, activation in the absence of target
cells, and long-term cytotoxic activity in vitro and in vivo. All five
BCMA CARs tested were characterized by low tonic signaling, re-
sulting in CAR Ts with high proliferative capacity and maintenance
of cytotoxicity in long-term assays. Patient-derived CAR Ts have
been shown to demonstrate reduced potency relative to healthy
donor-derived cells.6–8 CAR T proliferation and cytotoxicity were
more pronounced for certain donors, which appeared to have a
larger pool of memory cells at the beginning of the assays. The re-
sults shown here suggest that, even within subsets of healthy do-
nors, differences in T cell potency exist. Since even CARs with
a low level of autoactivation showed worse performance in some
donors, care was taken to choose CARs that had consistent
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activity across donors to minimize batch-to-batch variation in
performance.

Co-expression of several genes by the same viral vector can
dramatically reduce transduction efficiency and manufacturability
of the product, and a suicide gene may not be co-expressed equiv-
alently. An off switch incorporated into the CAR architecture
could, therefore, overcome these potential obstacles. Here an
intra-CAR rituximab-binding domain, which allows the depletion
of CAR Ts using an FDA-approved reagent, was utilized.42 The
intra-CAR off switch did not alter CAR T function, and efficient
rituximab-based elimination of CAR Ts was demonstrated. We
found a direct correlation between CAR expression level and sus-
ceptibility to rituximab-induced CDC. It is possible that CAR Ts
that are less efficiently bound by rituximab and, therefore, not
depleted in vitro could be targeted via complementary effector
mechanisms in vivo, such as antibody-dependent cellular cytotox-
icity (ADCC), which has been shown to eliminate cells with a
lower expression of CD20.60

Allogeneic CAR Ts could potentially overcome limitations of autolo-
gous CAR Ts by being available as an off-the-shelf product, but they
have the potential to elicit GvHD when recognizing foreign major
histocompatibility complex (MHC) molecules on the host tissues
through the TCR complex. As demonstrated previously for CD19-
directed CAR Ts,9 we show here that TALEN-mediated knockout
of the TRAC locus prevented xenogeneic GvHD responses in mice.
Conversely, preventing rejection of the infused allogeneic CAR T
product by host T and natural killer (NK) cells may require prolonged
lymphodepletion. Simultaneous editing of the CD52 locus rendered
BCMACARTs resistant to the FDA-approved lymphodepleting anti-
body alemtuzumab, allowing the possibility for extending the window
of immunosuppression if required for full therapeutic efficacy.

Developing in vitro assays that predict in vivo function is of partic-
ular importance for the screening of large numbers of clinical CAR
T candidates before conducting in vivo studies. Proliferation and
long-term persistence of CAR Ts have been demonstrated to be
the best correlators to therapeutic efficacy in preclinical studies,36,37

and, in this study, in vitro assays that assessed proliferative capacity
of the CAR T candidates in multiple donors were initially the best
discriminator of CAR T activity, as in vivo experiments carried out
in the absence of cytokine supplementation were not able to reveal
differences. CAR T expansion was very limited in the orthotopic
disease models, and loss of CAR Ts in the blood coincided with
a recurrence of disease at metastatic sites. The homeostatic cytokines
IL-7 and IL-15 maintain survival and function of human
T cells,43,50,51,53 and the lack of these cytokines in immunocompro-
mised mice has been shown to impair the function of human
T cells.52 In line with previous studies employing human T cells,54

physiological concentrations of IL-7 and IL-15 dramatically
improved CAR T antitumor activity and persistence, allowing the
distinction between two CAR T candidates with otherwise similar
in vitro and in vivo activity.
Recent clinical trials employing autologous BCMA CAR Ts demon-
strate the feasibility and therapeutic potential of CAR T therapies
in patients with relapsed or refractory multiple myeloma.61 Alloge-
neic BCMA CAR Ts produced at a large scale showed potent anti-
tumor activity and durability of response, supporting a clinical inves-
tigation in this patient population with a high unmet need.

MATERIALS AND METHODS
Construction of Lentiviral Vectors Encoding anti-BCMA CARs

Antibodies toward BCMA were obtained by panning a synthetic hu-
man phage-display library, and their affinities were determined by
surface plasmon resonance (SPR). Higher-affinity antibodies were
generated by affinity maturation, and five antibodies that bound to
overlapping epitopes on BCMA with nanomolar affinities were
considered for further evaluation and design of the CAR constructs
(Table S1; Supplemental Materials and Methods). Lentiviral transfer
vectors encoding RQR8-2A-CAR (candidate scFv), BFP-2A-CAR
(tool CAR; GenBank: AOC20704.1 and AOC20765.1), and BFP-
2A-STOP (control) were sourced from Cellectis SA. The nucleotide
sequences encoding the BCMA-R2 CARs were synthesized and re-
placed the IRES-Puro cassette in the pLVX-EF1a-IRES-puro vector
(Takara Bio, Mountain View, CA). All transfer vectors encoded
the CAR under regulatory control of the EF1a promoter and the
woodchuck hepatitis virus post-transcriptional regulatory element
(WPRE).

CAR T Production

Detailed description of the production methodology can be found
in the Supplemental Materials and Methods. Briefly, T cells were
activated immediately after recovery from cryopreservation in
X-Vivo15 medium (Lonza, Basel, Switzerland), supplemented with
10% fetal calf serum (FCS) (GE Healthcare, Pittsburgh, PA) and
20 ng/mL IL-2 (Miltenyi Biotec, Auburn, CA), using T cell TransAct
(Miltenyi Biotec, Auburn, CA) as recommended by themanufacturer.
T cells were transduced with neat lentiviral supernatant 2 days after
activation and then cultured in X-Vivo15 medium supplemented
with 5% human AB serum (Gemini Bio-Products, West Sacramento,
CA). IL-2 was supplemented every 2–3 days. At 7 days after activa-
tion, T cells were transfected with 25 mg/mL/TRAC and CD52
TALEN monomer mRNA (TriLink Biotechnologies, San Diego,
CA), using AgilePulse MAX electroporators (BTX, Holliston, MA).
At 17 days after activation, depletion of TCRa-positive cells was per-
formed using TCRa/b cell isolation kits (Miltenyi Biotec, Auburn,
CA). At 18 days after activation, T cells were cryopreserved in 90%
FCS/10% DMSO using rate-controlled freezing chambers and stored
in liquid nitrogen vapor phase.

For large-scale production, healthy donor-derived peripheral blood
mononuclear cells (PBMCs) (Hemacare, Los Angeles, CA) were acti-
vated 24 h after thawing. Cells were transduced 3 days after activation
with a concentrated lentiviral vector (Miltenyi Biotec, Auburn, CA),
encoding one of the CARs shown in Table S1, and electroporated
with TALENmRNA 5 days after activation. At 7 days after activation,
cells were expanded in 2L WAVE bag bioreactors (GE Healthcare,
Molecular Therapy Vol. 27 No 6 June 2019 1135
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Pittsburgh, PA). Depletion of TCRa+ cells was performed using
CliniMACS Prodigy (Miltenyi Biotec, Auburn, CA), and T cells
were cryopreserved in CS5 cryoprotectant (STEMCELL Technolo-
gies, Vancouver, BC, Canada). All functional assays were performed
with cells after recovery from cryopreservation.

Flow Cytometry Analysis

Blood samples were treated twice with red blood cell lysis buffer
(BioLegend, San Diego, CA). Cells were stained using conventional
flow cytometry protocols in Brilliant Stain buffer (BD Biosciences,
San Jose, CA), supplemented with human TruStain Fc blocking
reagent (BioLegend, San Diego, CA). The following reagents were
used: anti-human CD45RO allophycocyanin (APC), anti-human
CD62L BV605, anti-human CD8a BV510, anti-human CD4 BV785,
anti-human TCRab antibody phycoerythrin (PE), anti-human CD3
antibody BUV395 or fluorescein isothiocyanate (FITC), anti-human
CD269 PE, anti-Mouse CD45 APC/Cy7 (BioLegend, San Diego, CA),
Streptavidin PE (BioLegend, San Diego, CA), soluble biotinylated
BCMA, rituximab PE, anti-human CD52 PE, and anti-BCMA 1 idio-
type PE (produced in-house). Dead cells were stained using Zombie
NIR (BioLegend, San Diego, CA), and cells were fixed with intracel-
lular (IC) fixation buffer (Thermo Fisher Scientific, Waltham, MA).
Samples were supplemented with counting beads (Thermo Fisher
Scientific, Waltham, MA) prior to analysis using Fortessa LSRII
flow cytometers (BD Biosciences, San Jose, CA).

Short-Term Cytotoxicity and Cytokine Production Assays

2 � 104 luciferase-expressing target cells were co-cultured with
effector cells in RPMI 1640 medium supplemented with 10% FCS
at defined effector-to-target ratios for 24 h. Culture supernatants
were analyzed for the presence of IFNg using Human IFN-Gamma
Quantikine Kit (R&D Systems, Minneapolis, MN). Target cell sur-
vival was assessed using ONE-Glo reagent (Promega, Madison, WI).

Long-Term Cytotoxicity and Proliferation Assay

2 � 106 luciferase-expressing MM.1S cells and 5 � 105 CAR+ T cells
were co-cultured in RPMI 1640 medium supplemented with 10%
FCS in 24-well G-rex plates (Wilson Wolf, St. Paul, MN). Every 48 h,
CARTswere counted and re-suspended in freshmediumwith an equal
number of new target cells. After three rounds of target exposure, CAR
Tswere stained using soluble BCMAand quantified byflow cytometry.
CAR Ts were then tested using the short-term cytotoxicity assay.

Complement-Dependent Cytotoxicity Assay

2 � 105 cells were incubated in RPMI 1640 medium supplemented
with 10% FCS in 48-well plates. Cells were incubated for 3 h in the
absence or presence of 25% baby rabbit complement (Bio-Rad,
Hercules, CA) and anti-CD52 or rituximab antibodies (produced
in-house; 100 mg/mL). Cells were stained with soluble BCMA or
CD3 antibodies, and cytotoxicity was analyzed by flow cytometry.

In Vivo Studies

All procedures performed on animals were in accordance with regu-
lations and established guidelines and were reviewed and approved by
1136 Molecular Therapy Vol. 27 No 6 June 2019
an Institutional Animal Care and Use Committee. 8- to 12-week-old
NSGmice were obtained from Jackson Laboratory (Bar Harbor, ME).
Animals were irradiated with 1 Gy 1 day prior to intravenous injec-
tion of either 2 � 106 Molp-8 cells or 5 � 106 MM.1S cells. In
some cases, animals received injections of titrated AAV9 viruses (Vig-
ene Biosciences, Rockville, MD) coding for human IL-7 or human
IL-15/IL-15Ra fusion proteins under the control of an EF1a pro-
moter 4 days prior to irradiation. Tumor burden was measured using
an IVIS Spectrum instrument (PerkinElmer, Boston, MA) twice
weekly. Animals were randomized based on total body biolumines-
cence 8–12 days (Molp-8) or 14 days (MM.1S) after tumor cell injec-
tion, unless stated otherwise, and CAR Ts were injected immediately
after thawing. Total T cell numbers were kept constant across all
groups by adding untransduced T cells, unless stated otherwise.
Where indicated, animals received intraperitoneal injections of
10 mg/kg rituximab or isotype control antibody (immunoglobulin G
[IgG]1). Blood was collected into EDTA-coated tubes using subman-
dibular bleeds, and 50 mL was used for flow cytometry. Animals were
euthanized if they exhibited disease model-specific endpoints such as
hind-leg paralysis, ruffled fur, or 20% of body weight loss. Relapse was
defined as the first time point after nadir that an individual mouse’s
tumor bioluminescence was higher than the total flux measured at
the time of CAR T dosing. Time to progression was defined as the
time between CAR T dosing and relapse, and it was used to estimate
progression-free survival curves.

Statistical Analysis

Statistical analysis was performed using the Prism software package
(GraphPad, San Diego, CA), and statistical tests used are indicated
in the figure legends. All tests were two-sided and p < 0.05 was consid-
ered significant.
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